We report the results of two experiments performed with two-photon light, produced via collinear degenerate optical spontaneous parametric downconversion (SPDC), in which both second-order (onephoton) and fourth-order (two-photon) interferograms are recorded in a Mach-Zehnder interferometer (MZI). In the first experiment, high-visibility fringes are obtained for both the second-and fourth-order interferograms. In the second experiment, the MZI is modified by the removal of a mirror from one of its arms; this leaves the fourth-order interferogram unchanged, but extinguishes the second-order interferogram. A theoretical model that takes into consideration both the temporal and spatial degrees-of-freedom of the two-photon state successfully explains the results. While the temporal interference in the MZI is independent of the spatial coherence of the source, that of the modified MZI is not.
Introduction
Two-photon interference experiments reflect correlations that are fourth-order in the optical field and second-order in the intensity, while one-photon interference experiments reflect correlations that are second-order in the field and first-order in the intensity. It is sometimes taken as a rule-of-thumb in quantum optics that two-photon interference experiments displaying high two-photon visibility V 12 must necessarily display low one-photon visibility V 1 [1] . We examine this issue experimentally by carrying out two-photon (coincidence) measurements using a pair of detectors to determine the correlation function G (2) (τ) and, simultaneously, one-photon (singles) measurements using a single detector to determine the intensity I(τ), for the same optical field.
We demonstrate in this paper that this rule-of-thumb can be rigorously supported only when each photon of the two-photon state is sent into a separate two-path interferometer that acts on a single physical degree of freedom (and may thus be represented by an SU(2) transformation) [2, 3] . The visibilities for a two-photon state in such a configuration are indeed complementary such that they satisfy V 2 12 + V 2 1 ≤ 1, where the equality holds for pure two-photon states [4, 5] . This complementarity is not applicable, however, when both photons are directed into the same interferometer, nor does it apply when more than one degree-of-freedom is probed by the interferometer. The most notable counterexamples of this rule-of-thumb in temporal interferometry can be found in the interferograms recorded with Hong-Ou-Mandel (HOM) [6] and Mach-Zehnder interferometers (MZI).
At first blush, experiments performed using a HOM interferometer in conjunction with the two-photon state produced by spontaneous parametric downconversion (SPDC) appear to confirm the rule-of-thumb: when the temporal delay is scanned, high-visibility two-photon interference (the HOM dip) is observed and V 12 = 1, while the singles rate remains flat at V 1 = 0 [6] . It has recently been shown however, that by manipulating the spatial distribution of the pump, the visibility of the temporal HOM dip may be varied from unity to zero, while the singles rate remains unchanged (i.e., exhibiting no interference) [7] . Moreover, it has been shown experimentally that the rule-of-thumb does not hold for an MZI in which each photon of a two-photon SPDC state was directed to a different input port of the same MZI; high V 1 and V 12 have been simultaneously observed [8] .
Clearly, complementarity in the visibilities of one-and two-photon interference is not universally applicable. Other examples of two-photon interferometry that make use of two-photon sources, in which each photon is sent into a different interferometer, include the experiments reported in Refs. [9, 10, 11] . Examples in which both photons are sent into the same interferometer include the experiments reported in Refs. [12, 13, 14] .
In this paper, we consider a slightly different question: can the visibility of second-order interference be changed without affecting the fourth-order interference? To address this issue, we examine the two-photon interference in a MZI from a fresh perspective and show that, surprisingly, high or low second-order interference (V 1 = 1 or V 1 = 0) may be observed while retaining high fourth-order interference (V 12 = 1). This effect is the opposite of that reported by Walborn et al. [7] ; moreover, in our case, the change in the second-order interference visibility is achieved without altering the spatial distribution of the source. Our results thus demonstrate both a confirmation of, and a departure from, the rule-of-thumb in two closely related, but distinct, experimental configurations.
Experiment
The experimental configurations under discussion differ only in the form of the Mach-Zehnder interferometer. As depicted in Fig. 1 , the first is a traditional MZI in which the delay τ between the interfering paths is varied. The second is a MZI in which a spatial flip (SF) has been inserted into one arm of the interferometer [15, 16, 17] ; we refer to this as a modified Mach-Zehnder interferometer (MZIM). The spatial flip is achieved by unbalancing the number of mirrors in the two interferometer arms; since the flip is carried out only in one spatial dimension, it is readily implemented by simply removing or adding a single mirror. No use is made of out-ofplane reflections, such as those reported in Refs. [18, 19] . In both cases, the input light is in a two-photon state produced via SPDC [20] , with both entangled photons entering the same input port of the interferometer. The setups for the MZI and MZIM experiments are shown in more detail in Fig. 2(a) . A linearly polarized monochromatic pump laser diode (wavelength 405 nm, power 50 mW) illuminates a 1.5-mm-thick β -barium borate (BBO) nonlinear optical crystal (NLC) in a collinear type-I configuration (signal and idler photons have the same polarization, orthogonal to that of the pump). The pump is removed by using a polarizing beam splitter placed after the crystal as well as by interference filters (centered at 810 nm, 10-nm bandwidth) placed in front of the detectors D 1 and D 2 (EG&G SPCM-AQR-15-FC), the outputs of which are fed to a coincidence circuit (denoted ⊗) and thence to a counter. The bandwidth of the interference filters is smaller than that of the SPDC-generated two-photon state, so that the widths of temporal interference features, such as the HOM dip and the MZI interferogram, are expected to be proportional to the inverse of the filter bandwidth. Our experimental results therefore reveal that the coincidence measurements of photons at the two output ports yield essentially identical outcomes for both interferometers: highvisibility two-photon interference (V 12 = 1). Yet the singles measurements yield opposite outcomes: the MZI reveals high-visibility one-photon interference (V 1 = 1, in disagreement with the rule-of-thumb), whereas the MZIM reveals the absence of one-photon interference (V 1 ≈ 0, in agreement with the rule-of-thumb). Unlike the experiments carried out by Walborn et al. [7] , the spatial distribution of the source was not modified in going from one experiment to the other.
Let us consider the ways in which photon coincidences at the two output ports of the interferometer may occur. From a simplified viewpoint, there are two distinct possibilites that lead to qualitatively different temporal interference features. In the first of these, each photon emerges from a different port of the first beam splitter. When these photons are brought back at the second beam splitter, after a delay τ in one of the arms, an HOM dip is observed in the coincidence rate G (2) (τ). In the second possibility, the two photons emerge together from either output port of the first beam splitter. If the frequencies of the two photons, signal and idler, are anti-correlated (which is the case for SPDC with a monochromatic pump, so that ω s = ω p 2 + Ω and ω i = ω p 2 − Ω, where ω p 2 is half the pump frequency and Ω is a deviation therefrom), then a delay τ will then lead to a fixed phase difference exp{−i(
− Ω)τ} = exp{−iω p τ} between the two paths. In this case, G (2) (τ) will be a sinusoid at the pump period [12] . These two possibilites coexist in the experimental arrangement shown in Figs. 1 and 2(a), resulting in a coincidence interferogram that combines an HOM dip and a sinusoid at the pump period. Indeed, this is exactly what is observed.
For the singles (intensity) rate at one output port, we expect the usual MZI interferogram, proportional to the second-order temporal coherence function of the optical field. The temporal width of this interferogram should be inversely proportional to the bandwidth of the optical field, as determined by either the source or the detector filter, whichever is narrower. This is, in fact, true for the MZI but, remarkably, it turns out not to be true for the MZIM. Rather, the loss of second-order temporal interference follows from the spatial coherence properties of the source, as we demonstrate below. This surprising result can be understood when the full quantum state, including the spatial distribution of the photons, is taken into consideration [21] .
Theoretical model
We present a theoretical model that accounts for these results quantitatively. We start by considering a two-photon state that represents both the spectral and spatial characteristics of photons, of the form
with the normalizations dxdx |φ (x, x )| 2 = 1 and dΩdΩ |φ (Ω, Ω )| 2 = 1. Here x and x are spatial parameters for the signal and idler photons in one dimension (the second dimension y is not taken into consideration without loss of generality); and Ω and Ω are deviations in frequency from the cental frequency ω p 2 . It is essential to note that the two-photon state is assumed to be separable in the spatial-spectral degrees-of-freedom. Thus, while the two photons may be entangled in each of these degrees-of-freedom separately [22] , there is no correlation between them. For a monochromatic pump with large transverse spatial dimension (pump width larger than the geometric mean of the pump wavelength and nonlinear-crystal thickness [23] ), the entangled state is correlated spatially φ (x, x ) = φ (x)δ (x − x ) and anti-correlated spectrally ψ(Ω, Ω ) = ψ(Ω)δ (Ω + Ω ). In this formulation, the function ψ(Ω) is a baseband function centered at frequency Ω = 0, and φ (x) is the transverse spatial distribution of the pump [16] . The reduced one-photon state obtained from Eq. (1) is, in general, mixed, and described by the density operator
in which the spatial and spectral degrees-of-freedom remain separable. For a monochromatic pump with large spatial dimension, the state is characterized by
Next consider the transformation to the state brought about by the MZI and the MZIM. The MZI is characterized by two arms having the same the number of reflections, imparted by mirrors or beam splitters. It can be shown that the MZI conserves the separability of the spatial and spectral degrees-of-freedom of the state of the input optical field, such as the twophoton state set forth in Eq. (1) or the one-photon state provided in Eq. (2) . This can be shown by calculating the fourth-order interference at the output, G (2) (x 1 , x 2 ; τ). For the MZI, this fourth-order coherence function is separable in the spatial and spectral degrees-of-freedom:
t (τ). Since the detectors do not register the positions of the photons, but instead integrate over the full transverse domain, the quantity that is measured is dx 1 dx 2 G (2) (x 1 , x 2 ; τ), which in this case is simply G
t (τ). Assuming a monochromatic pump of large spatial extent, we then have
where we have assumed, for simplicity, that the spectral density |ψ(Ω)| 2 is an even function. The first term is a constant background, the second is a sinusoid at the pump frequency, and the third is the HOM dip. The MZI also maintains the separability of the spatial and spectral degrees-of-freedom of the one-photon state provided in Eq. (2) . The intensity at the output port thus separates, G (1) (x 1 , x 1 ; τ) = I(x 1 , τ) = I x (x 1 )I t (τ), and the measured intensity as the delay is swept is simply dx 1 I(x 1 , τ) = I t (τ). This is given by
which is the usual MZI interferogram. It is independent of the spatial distribution and spatial coherence of the input field. The consequences of removing a mirror from the MZI, which results in an MZIM, are profound. The interferometer no longer preserves the separability of the spatial and spectral degrees-of-freedom of the input state of the field. When the number of mirrors in the two arms of the MZI are not balanced, two copies of the input field reach the detector, differing by a spatial inversion (in one spatial dimension). Unless the field is an eigenfunction of the spatial inversion process [such as even and odd functions f (−x) = ± f (x)], the two copies become distinguishable and do not interfere.
The fourth-order coherence function G (2) (x 1 , x 2 ; τ), nevertheless, remains the same. Consider the case when the two photons emerge together from the same port of the first beam splitter in the interferometer (the case responsible for the sinusoid at the pump frequency). The spatial probability amplitude when the two photons travel through the arm without the spatial flipper is φ (x, x ), while that in the spatial-flipper arm is φ (−x, −x ) = φ (−x)δ (x − x ). If the pump transverse spatial distribution is even φ (−x) = φ (x), which is the case in our experiment, we have φ (−x, −x ) = φ (x, x ), and the MZIM sinusoid will be identical to that of the MZI. Note that there would result a shift of π, but no change in amplitude, if the pump has an odd spatial distribution φ (−x) = −φ (x), and there would be a reduction in amplitude if the pump has an arbitrary spatial distribution (neither even nor odd). Consider now the case when the two photons emerge from different ports of the first beam splitter (the case responsible for the HOM dip). The two spatial probability amplitudes interfering at the second beam splitter are φ (x, −x ) = φ (x)δ (x + x ) and φ (−x, x ) = φ (−x)δ (x + x ). One again, if the pump has an even spatial distribution, the resulting HOM dip is identical to the MZI case. As a result, the fourthorder coherence function is identical for the MZI and MZIM as long as the pump has an even spatial distribution, which is the case in our experiment. Now consider the second-order coherence function I(x 1 , τ), which differs from that in Eq. (4):
where α = |α|e iϕ = dxρ x (−x, x).
The visibility of the temporal interferogram is thus found to be weighted by a factor α that is a functional of the spatial coherence of the source of the form dxρ x (x, −x). A field that is spatially incoherent, as in our experiments, ρ x (x, x ) = |φ (x)| 2 δ (x − x ) results in α = 0, thus extinguishing the temporal interference. In other words, since the one-photon field is spatially incoherent, the field and its spatially flipped version are mutually incoherent, resulting in the loss of second-order temporal interference.
Conclusion
In conclusion, we reported two similar experiments that share identical fourth-order interference patterns, but whose second-order interference behaviors are dramatically different. We explain our results in terms of the spatial coherence properties of SPDC, specifically that the two photons possess full spatial coherence when considered jointly, but retain no spatial coherence when considered individually. We remark that the MZIM used to observe this effect may also be used for the measurement of arbitrary optical fields, and thus offers us an important new tool for exploring spatial coherence.
